Two methods were compared for the analysis of 48 unrelated and epidemiologically related Legionella pneumophila serogroup 1 isolates. These are the infrequent-restriction-site PCR (IRS-PCR) assay with adapters designed for XbaI and PstI restriction sites and the pulsed-field gel electrophoresis (PFGE) analysis determined after DNA restriction with SfiI. Both methods demonstrated a high level of discrimination with a similar capacity for differentiating 23 of the 24 unrelated isolates. PFGE analysis and IRS-PCR assay were both able to identify epidemiologically related isolates of L. pneumophila from three outbreaks. Hence, IRS-PCR assay appears to be a reproducible (intergel reproducibility, 100%) and discriminative (discriminatory index, >0.996) tool for typing of Legionella. Compared to PFGE, however, IRS-PCR presented an advantage through ease of performance and with attributes of rapidity and sensitivity of target DNA.
The family Legionellaceae is represented to date by 42 species (3, 11) , most of which are potentially pathogenic for humans. Legionella pneumophila serogroup 1 is the major causative agent associated with legionellosis (2) . L. pneumophila is widely present in the environment, especially in water distribution systems; thus, the source of a given human infection cannot be presumed on the single basis of an isolation of L. pneumophila from an environmental source. Hence, epidemiological tools are needed to determine the clonal relatedness between isolates of human and environmental origins. A variety of molecular typing techniques have been developed to compare L. pneumophila serogroup 1 strains, including analysis by monoclonal antibodies, arbitrarily primed and repetitive element PCR assays, plasmid analysis, multilocus enzyme analysis, restriction fragment length polymorphism, ribotyping, and pulsed-field gel electrophoresis (PFGE) (1, 4, 6, 7, 14-16, 19, 20-23) . Most of the recent findings suggest that restriction enzyme analysis by PFGE is the most discriminative epidemiological marker for subtyping L. pneumophila strains (15, 20, 22) . Nevertheless, PFGE is a time-consuming method which requires expensive and specialized equipment.
A recently described method referred to as infrequent-restriction-site PCR (IRS-PCR) assay (17) consists of double digestion of genomic DNA with a restriction enzyme that infrequently cuts the chromosome and a second enzyme that frequently cuts it, followed by amplification of DNA with primers and adapters targeting the extremities of the restricted fragments. This technique has the advantage of using minute quantities of target DNA, and the separation of amplified fragments can be achieved by conventional agarose gel electrophoresis. The method has not previously been applied to Legionella.
In this study, we have adapted the IRS-PCR method to analyze 48 unrelated and epidemiologically related L. pneumophila serogroup 1 isolates and compared the results with those obtained by PFGE. The IRS-PCR technique appeared to be rapid, versatile, reproducible, and useful for discrimination of L. pneumophila serogroup 1 isolates.
MATERIALS AND METHODS
Bacterial strains. Twenty-five environmental and 23 clinical isolates of L. pneumophila serogroup 1 were obtained from the National Reference Center (France) for Legionella (Table 1) . Among these, 6 human and 18 environmental isolates were associated with three outbreaks, the others being epidemiologically unrelated. Strains were cultured on buffered charcoal yeast extract␣ agar and were biochemically characterized according to standard methods (3). Strains were identified by direct immunofluorescence assays with a commercial monoclonal antibody (Monofluo Kit Legionella pneumophila; Diagnostics Pasteur, Paris, France) (8) and with specific antisera prepared by rabbit immunization at the Reference Center.
IRS-PCR. (i) Adapters and primers.
Adapters were constructed as previously described by Mazurek et al. (17) with oligonucleotides purchased from Eurogentec SA (Seraing, Belgium). These were AX1, AX2, and PX-G, as described elsewhere (17) , and PS1 (5Ј-GAC TCG ACT CGC ATG CA-3Ј) and PS2 (5Ј-TGC GAG T-3Ј), which were specifically designed in this study to generate PstI adapters. Adapters were also designed to ligate specifically to the cohesive ends of the corresponding restricted fragments. To prepare the adapters, oligonucleotides PS1 and PS2 or AX1 and AX2 were mixed in equal molar amounts in 1ϫ PCR buffer (Perkin-Elmer Cetus, Branchburg, N.J.) and were allowed to anneal as the mixture cooled from 80 to 4°C over 1 h in a thermocycler. Oligonucleotides PS1 and PX-G were used as primers in PCR.
(ii) Preparation of template DNA. Bacterial cultures were harvested and resuspended in 500 l of STE buffer (100 mM NaCl, 50 mM Tris-HCl, 10 mM sodium EDTA [pH 7.5]) and incubated at room temperature with 100 l of lysozyme (10 mg/ml) for 1 h. Cells were lysed with 20 l of sodium dodecyl sulfate (25 mg/ml) at 37°C and digested for 1 h with 100 l of proteinase K (25 mg/ml)-5 l of RNase (10 mg/ml) at 37°C. DNA was purified with phenolchloroform-isoamyl alcohol (50:48:2) (13) and chloroform-isoamyl alcohol (24:1) and precipitated by the addition of absolute ethanol. The pellet was air dried, resuspended in 100 l of sterile distilled water, and stored at Ϫ20°C until used. A portion of the extracted DNA was digested with 40 U of PstI-40 U of XbaI in 1ϫ buffer for 90 min at 37°C. T4 DNA ligase (15 U), ATP (12.6 pmol), 10ϫ ligase buffer (0.75 l), the XbaI adapter (20 pmol), the PstI adapter (20 pmol), and sterile distilled water were added to 12.5 l of extract for a total volume of 20 l. The mixture was incubated at 16°C for 1 h and then at 65°C for 20 min to inactivate T4 DNA ligase. The sample was digested with 10 U of XbaI-10 U of PstI at 37°C for 15 min to cleave any restriction sites re-formed by ligation and then submitted to amplification. All enzymes were obtained from Boehringer Mannheim (Meylan, France).
(iii) Amplification. Each PCR mixture included 10 l of template DNA, 0.5 U of Taq DNA polymerase (Perkin-Elmer Cetus), deoxynucleoside triphosphates (200 M each) (Pharmacia Biotech, Uppsala, Sweden), and the oligonucleotide primers in 1ϫ PCR buffer. Typically, the oligonucleotides PS1 and PX-G were used together as primers. Amplification was performed in a PHC-3 Dri-Block cycler (Techne Ltd., Cambridge, United Kingdom) with an amplification profile that consisted of an initial denaturation step at 94°C for 5 min and then 30 cycles of denaturation at 94°C for 30 s, primer annealing at 60°C for 30 s, and extension at 72°C for 90 s. All experiments included negative controls which were processed with the samples. Electrophoretic patterns. Gel electrophoresis was performed for 4 h at 100 V on the PCR products loaded into wells of 1.5% agarose prepared in 0.5ϫ Tris-borate-EDTA (SeaKem GTG; FMC Bioproducts, Rockland, Maine). DNA VI molecular weight markers (Boehringer Mannheim) were used.
PFGE typing. PFGE patterns were obtained by the modified technique of Grothues and Tümmler (10) . Briefly, agarose blocks were digested with SfiI overnight at 50°C followed by electrophoresis with the contour-clamped homogeneous electric field DRII system (Bio-Rad Laboratories, Hercules, Calif.). Separations were accomplished at constant pulse times (25 s) for 11 h and increasing pulse times (35 to 60 s) for 11 h. Lambda concatemers (PFGE marker I; Boehringer Mannheim) were used as size markers.
Gel staining and data processing. Gels were stained with ethidium bromide (0.5 mg/ml) (Bioprobe Systems, Paris, France) for 10 min and photographed (Polaroid, Cambridge, Mass.) with UV illumination. Pattern clustering on a matrix of Dice coefficient (5) was based on the unweighted pair group method with averages (UPGMA), and dendrograms were constructed with Taxotron software (Institut Pasteur, Paris, France). Interpretations for PFGE and IRS-PCR were based on differences of banding patterns as suggested by Tenover et al. (24) . Strains differing in up to three fragments only were deemed clonally related, and these strains were described as subtypes of a given clonal type. In the case of no differences between banding patterns, strains were considered identical. When differing in four or more fragments, strains were considered separate types. Major genotypes were labeled by letters, and each of their variant subtypes was indicated by a numeral suffix.
Determination of reproducibility and discriminatory ability. To assess the reproducibility of IRS-PCR typing, 24 different pairs of isolates were analyzed in two different runs. Reproducibility was defined as the percentage of pairs with concordant types. The index of discriminatory ability was calculated as described by Hunter and Gaston (12) on the basis of the type distribution among the 24 epidemiologically unrelated L. pneumophila serogroup 1 isolates.
RESULTS

IRS-PCR analysis.
The patterns generated with PX-G and PS1 primers were composed of 12 to 15 bands ranging in size between 100 and 1,100 bp (Fig. 1) . The intergel reproducibility of banding patterns was 100% for 24 duplicate pairs. When a three-band difference was used to distinguish IRS-PCR types, a total of 26 types were recognized and labeled A to c (Table  1) . For the 24 isolates tested which were not epidemologically related, 23 distinctive patterns were obtained and the discriminatory index was 0.996. One of these patterns (A) was divided into two subtypes (A1 and A2) which differed by no more than two fragments (Table 1) . For the outbreak-associated isolates, IRS-PCR analysis yielded three different patterns (types a, b, and c). Isolates from outbreaks 1 and 3 each presented consistent types; this contrasted with those of outbreak 2, manifesting two subtypes (b1 and b2), based on the presence of an additional 0.6-kb fragment in b2.
When a one-band difference was used to distinguish IRS-PCR types, a total of 28 types were recognized and termed A to d. For the 24 isolates tested which were not epidemiologically related, 24 distinctive patterns were obtained, giving a discriminatory index of 1. For the isolates associated with outbreaks, IRS-PCR analysis yielded four different patterns (types a, b, c, and d). For outbreak 2, when a one-band difference was used to distinguish IRS-PCR types, two types (b and d) of isolates were recognized.
Macrorestriction analysis of genomic DNAs with PFGE. Macrorestriction profiles generated by SfiI cleavage consisted of 9 to 15 fragments varying in size between 100 and 1,000 kb (Fig. 2) . A total of 26 types were recognized (A to c). Twentyfour isolates which were not epidemiologically related showed 23 distinctive patterns, and the discriminatory index was 0.996. Two isolates (L23 and L48) were recognized as subclonal types by comparing their PFGE patterns (G1 and G2), based on the presence of an additional 100-kb fragment in G2. For the outbreak-associated isolates, three major groups of macrorestriction patterns (a, b, and c) were recognized. Each isolate comprising a given outbreak was identical in pattern.
DISCUSSION
PFGE analysis is a highly efficient means of distinguishing between strains of Legionella during outbreaks (20, 27) . Together with SfiI-digested DNA, this very sensitive typing system is labor-intensive and expensive compared to the PCRbased methodology. PCR-based typing techniques used for analysis of L. pneumophila strains during outbreaks include the arbitrarily primed PCR assay, randomly amplified polymorphic DNA analysis (9, 26) , and amplified fragment length polymor- phism (AFLP) analysis (25) . The reproducibility of arbitrarily primed PCR and randomly amplified polymorphic DNA methods is affected by various parameters including (i) the method of DNA extraction (9, 26) , (ii) the purity of the oligonucleotide primers (26) , (iii) the quality of materials (thermocyclers, Taq polymerase origin, and electrophoresis apparatus) (18) , and (iv) the low-stringency hybridization conditions (7) . AFLP and IRS-PCR overcome all these disadvantages since these methods depend on double digests of genomic DNAs, which are specifically amplified under stringent conditions with selective primers extending beyond the adapters. In the AFLP method, the two adapters consist of 18-to 22-bp oligonucleotides whereas in the IRS-PCR method, one of the two oligonucleotides is short enough to allow efficient ligation of the doublestranded adapter at 16°C but cannot form stable hybrids at higher temperatures nor compete for primer during subsequent PCR steps. Moreover, this short oligonucleotide (PS2) is not phosphorylated and therefore not ligated (it does not interfere with the PCR). Indeed, due to the presence of an excess of adapter after ligation in the AFLP method, an ethanol purification step would be recommended to avoid interference in the subsequent PCR amplification (25) . The application of AFLP is also restricted by a patent registered in 1992 (European patent application 054858A1).
The results of this study show that PFGE analysis with SfiI and IRS-PCR assay with PstI and XbaI were both able to identify epidemiologically related isolates of L. pneumophila when applied to three outbreaks ( Fig. 3 and 4) . For each outbreak, both PFGE and IRS-PCR produced isolate profiles that were concordant between those from the patients and the sources of transmission. Rules on interpretation of PFGE and IRS-PCR were based principally on the guidelines described by Tenover et al. for interpreting macrorestriction patterns (24) ; these regard differences in three bands or less in defining members of a subtype. Hence, when applied to unrelated isolates, PFGE presented discriminatory power (D ϭ 0.996) identical to that of IRS-PCR. PFGE considered IRS-PCR subtypes A1 and A2 of unrelated strains to be two different types (A and B); conversely, two PFGE subtypes (G1 and G2) were considered to be two distinct IRS-PCR types (F and G). If IRS-PCR types were defined by a difference of one band only, the discriminatory power of IRS-PCR for differentiating unrelated strains was equal to 1 and two types (b and d) of isolates associated with outbreak 2 were recognized.
Both techniques used in this study yielded well-resolved, easily compared restriction fragment patterns, but PFGE was time-consuming (at least 3 to 4 days to complete) and laborintensive. IRS-PCR possesses the attributes of ease of performance, reproducibility (intergel reproducibility, 100%), and much less time consumption (from time of receipt of an isolate, less than 2 days to complete without intensive labor). Also, minute quantities of target DNA are sufficient for PCR amplification. The fragments amplified by IRS-PCR have small molecular sizes (less than 1,100 bp), facilitating separation in 3 to 4 h by standard agarose gel electrophoresis. Moreover, IRS-PCR is less expensive to operate than PFGE in terms of both equipment and consumables.
The IRS-PCR method appears to be a potentially useful epidemiologic tool for the early investigations of L. pneumophila serogroup 1 isolates in hospital and regional laboratories. The results based on epidemiological markers could then be confirmed in the reference laboratory.
